Abstract Applying engineering controls to airborne engineered nanoparticles (ENPs) is critical to prevent environmental releases and worker exposure. This study evaluated the effectiveness of two air sampling and six air cleaning fabric filters at collecting ENPs using industrially relevant flame-made engineered nanoparticles generated using a versatile engineered nanomaterial generation system (VENGES), recently designed and constructed at Harvard University. VENGES has the ability to generate metal and metal oxide exposure atmospheres while controlling important particle properties such as primary particle size, aerosol size distribution, and agglomeration state. For this study, amorphous SiO 2 ENPs with a 15.4 nm primary particle size were generated and diluted with HEPA-filtered air. The aerosol was passed through the filter samples at two different filtration face velocities (2.3 and 3.5 m/min). Particle concentrations as a function of particle size were measured upstream and downstream of the filters using a specially designed filter test system to evaluate filtration efficiency. Real time instruments (FMPS and APS) were used to measure particle concentration for diameters from 5 to 20,000 nm. Membrane-coated fabric filters were found to have enhanced nanoparticle collection efficiency by 20-46 % points compared to non-coated fabric and could provide collection efficiency above 95 %.
Abstract Applying engineering controls to airborne engineered nanoparticles (ENPs) is critical to prevent environmental releases and worker exposure. This study evaluated the effectiveness of two air sampling and six air cleaning fabric filters at collecting ENPs using industrially relevant flame-made engineered nanoparticles generated using a versatile engineered nanomaterial generation system (VENGES), recently designed and constructed at Harvard University. VENGES has the ability to generate metal and metal oxide exposure atmospheres while controlling important particle properties such as primary particle size, aerosol size distribution, and agglomeration state. For this study, amorphous SiO 2 ENPs with a 15.4 nm primary particle size were generated and diluted with HEPA-filtered air. The aerosol was passed through the filter samples at two different filtration face velocities (2.3 and 3.5 m/min). Particle concentrations as a function of particle size were measured upstream and downstream of the filters using a specially designed filter test system to evaluate filtration efficiency. Real time instruments (FMPS and APS) were used to measure particle concentration for diameters from 5 to 20,000 nm. Membrane-coated fabric filters were found to have enhanced nanoparticle collection efficiency by 20-46 % points compared to non-coated fabric and could provide collection efficiency above 95 %.
Introduction
The aim of this study is to better understand how to effectively mitigate the environmental and health effects caused by nanoparticles in general (Ma-Hock et al. 2009; Shvedova et al. 2005 Shvedova et al. , 2008 . Of concern are a range of studies indicating ENP toxicity, such as those that found asbestos-like carcinogenic effects in mice (Poland et al. 2008; Takagi et al. 2008; Ryman-Rasmussen et al. 2009 ) from carbon nanotubes (CNT) exposures and cardiopulmonary health effects in rats from acute exposures to nanostructured Fe 2 O 3 (Sotiriou et al. 2011) . Engineering controls such as filtration are essential for reducing ENP emission to the environment and minimizing occupational exposures during production or use of these nanomaterials.
Areas of active research include the assessment of the ability of currently available filters to capture ENPs and the development of new lower-cost filtration media for efficient capture of nanomaterials. A few recent studies have looked at the ability of commercial pollution control and respiratory protection filter media to collect nanoparticles (Japuntich et al. 2007 ; Kim et al. 2007) . These studies have shown good agreement with the single fiber theory of filtration which predicts that particles below 100 nm in diameter will be collected more efficiently due to increased collection by the Brownian diffusion mechanism (Brown 1993; Hinds 1999) . Recent publications (Golanski et al. 2010 (Golanski et al. , 2008 (Golanski et al. , 2009 Rengasamy et al. 2008) have documented that high efficiency particulate air (HEPA) filters have close to 100 % collection efficiency in the nanoparticle size range. However, due to their relatively high cost and lack of cleanability, researchers and companies may be tempted to use less sophisticated filters; this research investigates the performance of several fabrics commonly used in environmental air cleaning filters.
Other relevant studies testing respirator filters for nanoparticles, for example, N95 respirator cartridges generally showed expected penetrations of 5 % when challenged with nanoparticles. In these studies, the most penetrating particle size was about 40-50 nm Rengasamy et al. 2008 Rengasamy et al. , 2009 , which can be explained by the reliance on electrostatic forces in these filter materials. Most studies of filters other than HEPA filters did not use industrially relevant engineered nanoparticles, but rather fairly monodisperse standard test aerosols such as diethylhexyl phthalate (DEHP) (VanOsdell et al. 1990; Balazy et al. 2004; Japuntich et al. 2007 ), sodium chloride (Heim et al. 2005; Japuntich et al. 2007; Kim et al. 2007; Rengasamy et al. 2010 ), or silver (VanOsdell et al. 1990 ). Golanski et al. (2010) used laboratory-generated platinum, titanium dioxide, and carbon black nanoparticles to evaluate the collection efficiency of a HEPA and an electrostatic filter.
Environmental fabric filters using woven and nonwoven fabrics have been commonly used for baghouses and filtration system since the late 1800s (Strauss 1975) . Little research has been done on the performance of fabric filters for collecting submicrometer size particles. Needled felt (nonwoven) fabric filters have been widely used in Europe and held 85 % of the market share of all fabrics used in dry filtration in the 1970s (Bergmann 1979) . Culhane (1974) found that felted fabric filters operated at higher pressure drops compared to woven filters at the same filtration velocity. Needled felts are three-dimensional filter media where fibers are distributed randomly in three dimensions, and the active collection element is the single fiber; this is in contrast to woven fabrics, which rely on the formation of a dust cake on the fabric surface for high filtration efficiency. Research has found that felted fabrics provide high efficiency for fine and submicrometer particles (Bergmann 1979) . Fabric filters are still commonly used in industry; this study selected woven and nonwoven fabric filters commonly used in baghouses to investigate the performance of such fabric filters for collecting nanoparticles.
Materials and methods

Filters
Evaluated filters include quartz (Whatman QMA quartz fiber, 47 mm D, BGI) and glass fiber (indicated as A/E) (Pall A/E glass fiber, 47 mm D, BGI) air sampling filters and six air cleaning fabric filters (Process Systems & Components, Inc.), i.e., woven polyester (WP), WP with Teflon Ó membrane coating (WP-TMC), polyester felt (PF), PF with Teflon membrane (PF-TMC), PF with Goretex Ó membrane coating (PF-GM), and filament polyester (FP). None of the eight filters have collection efficiency values claimed by the manufacturers for nano-size particles. These woven and nonwoven (felt) filters are typical of the sort used for baghouses in industry (Neundorfer Particulate Knowledge Baghouse 2011); and the tested fabric filters were selected to give a variety of filter media for this study. The quartz and glass fiber (A/E) filters were selected as being representative of standard high-efficiency air filters widely available on the market; although these filters are designed and marketed primarily for aerosol sampling, they can also be used for the filtration of small exhaust gas streams. The glass fiber filter is described by its manufacturer as a binder-free borosilicate glass fiber filter that is ''recommended by EPA for high-volume air sampling to collect atmospheric particles and aerosols'' (Pall Corporation 2011). The quartz filter is designed for air sampling in high temperature, high-acid environments, and for PM-10 testing (Whatman GE Healthcare 2011). The tested filter media can be considered in three groups, i.e., (1) the high efficiency quartz and glass fiber (A/E) sampling filters, (2) membrane coated fabric filters, and (3) non-coated fabric filters. The fabric filters were made and donated by the manufacturer, Process Systems & Components, Inc, Salt Lake City, UT, 84103, USA.
Nanoparticle generator: Harvard Versatile Engineered Nanomaterial Generation System (VENGES)
In this study, the Harvard VENGES (Demokritou et al. 2010 ) was used to generate the test aerosols. VENGES uses a flame spray pyrolysis (FSP) method (Madler et al. 2002) to generate ENPs. FSP is one of the most widely used industry methods for the generation of metal and metal oxide ENPs (Pratsinis 2010) . Above 90 % by volume of the engineered nanomaterials in the market today are made using flame reactors (Pratsinis 1998) . Figure 1 illustrates the VENGES. A flammable liquid precursor, containing dissolved organometallic compounds, is pumped through a stainless-steel capillary tube. Immediately surrounding the capillary tube is a narrow annular gap of adjustable cross-sectional area that supplies oxygen, which is used to disperse the liquid precursor into fine droplets. A small pilot flamelet (premixed CH 4 and O 2 at 1 and 2 L/min, respectively) ignites the droplets so that the organic parts of the precursor molecules combust, while the metal atoms are oxidized, and form particles that grow by coagulation and sintering in the flame. In this study, a SiO 2 aerosol with a primary particle size of 15.4 nm was generated by the FSP of a precursor solution consisting of hexamethyldisiloxane in ethanol (0.5 M) with a feed rate of 5 mL/min that was dispersed by oxygen with a feed rate of 5 L/min. Fig. 1 The Harvard VENGES. Nanostructured materials are generated by FSP of organometallic precursors. The as-prepared nanoparticles can be collected on a glass fiber filter for ex situ characterization and in situ providing a stable aerosol for toxicological or other characterization
Filtration test setup
The layout of the specially designed filter test system is shown in Fig. 2 . Filters were installed in a filter holder (F1 closed face filter holder, 47 mm D, BGI). Generated nanoparticles were diluted with HEPAfiltered air and passed through filter samples with areas of 17.34 cm 2 at two filtration face velocities [2.3 m/min (3.83 cm/s) and 3.5 m/min (5.83 cm/s)]. The recommended velocity range for woven-fabric baghouses is 0.3-3 m/min (1-10 ft/min) and for nonwoven baghouses is 1.5-3.7 m/min (5-12 ft/min) (Danielson 1973) ; the 2.3 m/min face velocity is thus within the recommended velocity range for baghouses using woven and nonwoven (felted) fabric filters and the 3.5 m/min face velocity is within the range recommended for nonwoven fabric filters.
Airflow meters were installed to monitor the velocity and airflow was adjusted by several adjustable switches installed inline. All tubing [6.35 mm (0.25 in.)] National Pipe Thread (NPT) and connectors (standard compression fittings) were stainless steel. Concentrations were measured upstream and downstream of the filters (see monitoring below), and aerosol particles were collected for characterization by electron microscopy. Samples were collected for short time periods, so the measured collection efficiencies and pressure drops are those of the clean fabrics; collection efficiency may improve and pressure drop increase when the fabrics are well-conditioned in actual use, but this could not be tested in this study. The nanoparticles were generated continuously during each filter test and the generator was paused and the airflow bypassed the filter for all velocity or filter changes.
Monitoring and sampling procedure Two instruments were operated simultaneously to record particle concentrations (5 nm to 20 lm diameter range) and size distribution every second, i.e., the Fast Mobility Particle Sizer (FMPS Ò ) spectrometer (Model 3091, TSI) (5-560 nm, 10 L/min), and the Aerodynamic Particle Sizer (APS Ò ) (0.5-20 lm, 5 L/min) spectrometer (Model 3321, TSI). Normalized particle concentrations were measured upstream and downstream of the test filters; for each filter, two sets of concentration measurements over a period of 2 min (120 data points) per measurement were carried out for each upstream and downstream measurement and for each velocity. Carbon-impregnated conductive silicone tubing (2 m) was connected to the air inlet of FMPS and APS to reach measuring locations. The total particle loss in the 2-m conductive tubing was previously evaluated using sodium chloride and ambient air particles and found to be about 8-15 % as measured by FMPS. The particle concentration was not adjusted by the loss for estimating collection efficiency. None of the particles generated from the VENGES system were found to have diameters[500 nm; therefore, the APS data were not used to calculate filtration efficiency. Aerosol particles were collected on TEM grids using sampling cassettes connected to the system as shown in Fig. 2 . Transmission electron microscope (TEM)-copper grids (SPI 400 mesh with a formvar/carbon film) were taped onto 47-mm-diameter polycarbonate capillary-pore membrane filters (0.2 lm pore size). Air was drawn through the filters at 1 L/min using a calibrated personal sampling pump, and aerosol particles deposited on the grid via Brownian diffusion.
Data analysis
Particle concentration data including number, surface area, volume, mass and total concentrations recorded by FMPS were exported to excel spreadsheets for analysis,. The collection efficiency of each filter was calculated for each individual channel (except the efficiency based on the total concentration) using Eq. 1.
where E is filter collection efficiency (%), C u is the upstream particle number concentration (part/cm 3 ), C d is the downstream particle number concentration (part/cm 3 ). Each concentration used in Eq. 1 was the average of repeated 2 min samples (240 data points). Collection efficiency data profiles were statistically analyzed using SPSS. The Pearson correlation coefficient (c) analyzed how collection efficiency profiles [E vs. particle diameter (d p )] were associated with each other, e.g., PF versus WP or WP at 2.3 m/min velocity versus at 3.5 m/min velocity, the number (N) of data used for analysis is the number of diameter channels. The correlation coefficient is a number between ?1 and -1, and is interpreted as the magnitude and direction of the association between two variables. The ''magnitude'' is the strength of the correlation. The closer the correlation is to either ?1 or -1, the stronger the correlation. If the correlation is 0 or very close to 0, there is no association between the two variables. The ''direction'' of the correlation interprets how the two variables are related. A positive c value means that the two variables have a positive relationship (as one increases, the other also increases), while a negative c value means that the two variables have a negative relationship (as one increases, the other decreases). The paired sample t test analyzed the mean collection efficiency (E mean ) of the analyzed particle diameters. The p value measured the significance of the difference between the two E mean values; a p value\0.05 means the compared efficiency profiles are significantly different. Analysis was applied to all 16 sets of efficiency data; data obtained at the same velocity were deemed ''a group'', the analysis of efficiency profiles across two velocities was called ''between groups'' comparison, and the analysis of efficiency profiles at the same velocity was called ''within group'' comparison. In addition, data in the full range of particles sizes were used to calculate overall number, surface area, and volume collection efficiencies.
Sample characterization methods
Electron microscopy for filter and in-line aerosols analysis
Sampled particles were characterized using either a Philips EM400 TEM (Eindhoven, The Netherlands) operated at 100 kV or a Topcon 002B HRTEM (Tokyo, Japan) operated at 200 kV. Filter structure (pre-and post-test) and particle loading (post-test) were analyzed using a field emission scanning electron microscope (JEOL, JSM-7401F operated at accelerating voltages of 0.8-15 kV). The STEM images were obtained using a transmitted electron detector (TED) attachment to the scanning electron microscope and with the microscope operated at an accelerating voltage of 20 kV.
Off-line characterization of generated ENPs
The VENGES generated particles are collected using a water-cooled, stainless-steel filter housing (Fig. 1) supporting a glass fiber filter (Whatman GF6, 25.7 cm in diameter), with exhaust gases drawn by a vacuum pump (Busch, Seco SV 1040C). Collected particles can be extracted from the filter as nanopowder, and used for off-line physico-chemical and morphological characterization. Off-line ENP characterization included N 2 adsorption (5-point isotherm, Micromeritic Tristar). ENP Samples were degassed under vacuum at 150°C for 1.5 h. The average primary particle diameter (d BET , in nm) was estimated from their specific surface area (SSA, in m transmission electron microscopy and scanning transmission electron microscopy (STEM, Tecnai F30). The samples were dispersed in ethanol and then placed on a carbon-coated copper grid, a typical STEM image is shown in Fig. 1a of the Appendix.
Porosity
Filter porosity was analyzed using a Quantachrome PoreMaster 33 mercury intrusion porosimeter, with data collected over a single intrusion/extrusion cycle. Filter samples were analyzed in glass cells with 0.5 cm 3 stem volumes, with sample size of squares *1 cm by 1 cm. The contact angle and surface tension of the mercury were set to the default values of 140°(on intrusion and extrusion) and 480 ergs/cm 2 , respectively. For each sample, low pressure (pneumatic) data were taken from the minimum starting pressure of *1.4 kPa (0.2 lb/in 2 ) up to 345 kPa (50 lb/in 2 ), with all low pressure data corrected versus a low pressure blank run to minimize artifacts at the low starting pressures used. High pressure data were taken from 140 kPa (20 lb/in 2 ) up to 230,000 kPa (33,000 lb/in 2 ), after which the two data sets were automatically merged using Quantachrome Poremaster for Windows 5.10; data from the intrusion cycle was used for calculation of average (volume median) pore size and pore size distribution in all cases.
The overall range of analytical pressures used (*1.4 to 230,000 kPa) corresponded to an overall pore size range of *1.1 mm to *6.5 nm.
Pressure drop
The pressure drop across each filter at both filtration velocities was measured by attaching a Dwyer inclined-vertical manometer across the upstream and downstream TEM sampling ports (Fig. 2) . The pressure drop across the filter housing with no filter sample mounted was subtracted from the measured pressure drops to determine the actual pressure drop across each filter sample. The pressure drops were measured when the filters were new, and did not increase appreciably during the relatively short periods of particle collection used here.
Results and discussion
Studied aerosols
The typical aerosol particle size distributions generated by the VENGES system for testing filter media at 2.3 and 3.5 m/min face velocity are shown in Fig. 3 aerosols they form agglomerates instead of the single particles in the primary size. This was consistently seen for SiO 2 particles produced by the VENGES system, and the mode of such agglomerates was about 100 nm for this study. The particle concentrations of up to 2 9 10 6 particles/cm 3 at a particle diameter of 100 nm were sufficient to allow the calculation of collection efficiency [99 % for the high efficiency sampling filters at 2.3 m/min face velocity. The same sampling period, 120 s, was used for every test at downstream and upstream to provide a stable number of particles passing through the filters. The size range cut-off used to calculate size-specific collection efficiency was selected such that each size range contained at least 90 % of the particles in the peak of the size distribution, which gave a range of 29-to 191-nm diameters for which collection efficiencies were calculated.
Performance of filter collection efficiency
Collection efficiencies of all filters using metrics of number in each size channel of 29-191 nm, total number, total surface area, and total volume of 5-560 nm are presented in Table 1 . The total collection efficiencies were calculated based on the total particle count by FMPS (5-560 nm). Rengasamy et al.'s (2011) study suggests that a particle number-based test method would be more applicable to reasonably ensure a certain level of filtration performance for a wide size range of particles including nanoparticles.
The collection efficiencies at two velocities based on number concentration over the chosen aerosol diameters are shown in Fig. 4 . As shown in Table 1 , the coated fabric filters, WP-TMC, PF-TMC, and PF-G, increased collection efficiencies by 20-30 % points versus the uncoated PF fabric filter and by 46 % points versus the uncoated WP filter, resulting in a collection efficiencies [95 % for the Teflon membrane-coated (TMC) fabric filters. The collection efficiency based on total particle counts gave different results compared to average (mean) collection efficiency across the 29-191 nm channels due to the inclusion of the full FMPS size range of 5-560 nm. The efficiency of the sampling filters (quartz and A/E) increased for the full size (a) Six filters tested at 2.3 m/min filtration velocity.
(b) Six filters tested at 3.5 m/min filtration velocity Fig. 4 Particle number collection efficiency versus particle diameter. a Six filters tested at 2.3 m/min filtration velocity, b six filters tested at 3.5 m/min filtration velocity. Note Hollow symbol air sampling filters, solid symbol coated air cleaning filter, times symbol is non-coated air cleaning filter range at 2.3 m/min face velocity, which indicates that the filters had higher collection efficiency for particle sizes above 191 nm and below 29 nm, but this increase was not seen at the 3.5 m/min face velocity. On the other hand, the efficiency of non-coated fabric filters tended to decrease for the full size range at both face velocities. However, the coated filters showed comparable collection efficiencies for the full size range and the selected size range and for both face velocities. The collection efficiency at 2.3 m/min was higher than at 3.5 m/min for all filters (except A/E); this was likely due to a longer residence time through the filtration region, giving more time for particles entrapment due to Brownian diffusion. At 2.3 m/min, for all fabrics except WP-TMC (which had a very high collection efficiency), the collection efficiency based on total number was higher than surface area, which was higher than volume; this indicates that the larger particles were collected with lower efficiency than the smaller ones, which is consistent with Fig. 4a . This trend was reversed at the higher velocity for all fabrics except PF-TMC; this indicates that impaction was relatively more important at this velocity, as larger particles were collected preferentially. In general, the differences among number, surface area, and volume collection efficiencies were not great, indicating that collection efficiency did not vary greatly with particle size; this result in consistent with the relatively flat size-dependent collection efficiencies shown in Fig. 4 .
Statistical analysis of variability and similarity of filter performance
Collection efficiency data profiles were analyzed using statistical tools as introduced in the ''Materials and methods'', ''Data analysis'', to support and validate the results; the Pearson correlation and t test were used to statistically analyze data profile and the collection efficiency mean, respectively. The collection efficiency (number concentration) mean of each filter is shown in the ''E mean %'' column in Table 1 . Statistical results of the efficiency profile of E mean , ''within group'' comparison (correlation and t test), among eight filters tested at the same face velocity are shown individually with superscript letters linked to the number collection efficiency data in Table 1 . Statistical results of the efficiency profile comparison ''between groups'', i.e., collection efficiency data obtained at 2.3 and 3.5 m/min velocities, are shown in the column entitled ''c & t test'' in Table 1 .
Within group comparison
For the correlation among the eight filters within the group (in group), correlated filters are shown with the same superscript letter to indicate the same associated direction of particle collection corresponding to particle diameter. Quartz and AE filters were correlated to each other in group, noted with superscript ''a'', but not with other filters within the group; a result that was consistently seen for both face velocities. Regarding other fabrics, for the 2.3 m/min face velocity, PF-TMC was correlated with PFG, noted with superscript ''b'' in Table 1a , and PF was correlated with WP, noted with superscript ''c'', but they were not correlated with other filters within the group. For the 3.5 m/min face velocity, none of the fabric filters showed correlation with each other as shown in Table 1b . When two efficiency profiles have a positive association, these two profiles can have values that differ in magnitude. Thus, the t test was used to test the magnitude of similarity. Regarding the significant difference among membrane-coated fabric filters (WP-TMC, PF-TMC, and PF-G), paired t test tested fibers are noted with superscript ''t'' in Table 1a , b, and results are noted below the table. When tested at the 2.3 m/min face velocity, t test values of the profile of E mean (Table 1a) showed that there was no significant difference between the woven polyester (WP-TMC) filter and nonwoven (PF-TMC) filters with Teflon membrane coatings (p [ 0.05), and the Teflon membrane coating provided significantly higher collection efficiency than the Goretex membrane coating for the PF filter (p \ 0.01). In other words, the two TMC filters provided higher collection efficiencies than the Goretex coated filter at the 2.3 m/min velocity. When tested at the 3.5 m/min face velocity, the WP-TMC, PF-TMC, and PF-G profiles of E mean were all significantly different from each other (p \ 0.05) (Table 1b) , and the WP-TMC filter gave the highest collection efficiency.
Between group comparisons
The result regarding the correlation of efficiency profiles at different velocities using the same filter material are shown with c value in ''c & t test'' column of Table 1a , b. The result indicated that the PF-TMC, PF, and WP filters but not others were alone in showing significant correlation at different velocities, indicating that such filter media gave the same associated direction of collection efficiency profile as a function of particle diameters. Quartz and A/E filters showed low correlation (low c), but their collection efficiency data were not significantly different with a high p value resulting from the t test for both two different face velocities. The other six filter media were all significantly different with p values at 0.01 levels for two velocities and including the high correlated filters of PF-TMC, PF, and WP when used at the two test velocities. In other words, these filters' efficiencies had different magnitudes, but the efficiency change versus the filtered particle diameter was in the same direction.
The correlation analysis results noted in Table 1a shows high correlations for quartz and AE, PF-TMC and PFG, PF and WP. As shown in Fig. 4 , collection efficiency of these high correlated filters at the 2.3 m/ min face velocity mostly was inversely proportional to particle diameter \50 nm except the A/E filter. Therefore, the reduced efficiency of the A/E filter at particle diameters \50 nm at the 2.3 m/min velocity might be due to experimental error as the collection efficiency profile of the AE filter was statistically tested and had a statistically significant high correlation (c [ 0.9) to the quartz filter. The trend of increased efficiency at diameter\50 nm was not seen on most filters at the 3.5 m/min face velocity. The most dominant filtration mechanism for nanoparticles is Brownian diffusion, and the smaller the particle size the more Brownian diffusion will dominate the filtration mechanism (Hinds 1999) . The higher velocity would reduce the particle residence time in the filter, thus reducing the chance for collection by diffusion. The stability of filtration performance at 2.3 m/min velocity is high for aerosols in the range of 29-191 nm. The WP-TMC filter tested at 3.5 m/min showed substantially reduced stability, while the nonwoven felted filters (PF-TMC, PF-G, and PF) gave comparable stability.
Material characterization and filter performance
The filter media were carefully characterized according to selected physical properties including fabric thickness, fabric weight, pressure drop, SSA, pore volume, and volume median pore size. Characterization results of all cleaned filter media and physical properties of selected filter media are shown in Table 2 . Filter thickness and weight vary over a broad range; nonwoven fabrics were the thickest while the Teflon membrane coated and FP filter were the thinnest. WP filters had thicknesses in the same range as the quartz and A/E filters, but the weight was much reduced and the pressure drop was much lower than for the sampling filters. The SSA of the filters tended to increase when moving from clean to used filters for three filters whose SSA were measured, as shown in Table 2 . The quartz filter consists solely of thin fibers and thus as expected has the highest SSA ([4 m 2 /g), which is an order of magnitude higher than the SSA of WP-TMC and WP filters.
The particle collection time of all filters was the same so that comparable amounts of particles were collected by every filter. The SSA of the used WP-TMC filter increased about 0.25 m 2 /g which was 74 % higher than the clean WP-TMC filter, from 0.34 to 0.59 m 2 /g, and a similar increase in SSA was observed (about 19 % from 0.27 to 0.32 m 2 /g) for the WP filter following use. On the other hand, the collected particles resulted to a 0.1-0.2 m 2 /g SSA increase which would be barely detected on a high SSA filter media, thus, the collecting time for such filter needs to be extended to obtain a significant SSA increase. Therefore, the SSA change between clean and used quartz, which was about a 3 % reduction, may not be significant due to the high overall surface area and could be due to a random variation between the measured areas. These increases are only observed when performing high pressure mercury intrusion pressures; the low pressure mercury intrusion data show no significant differences in the SSAs of the new and used filters, indicating that this difference comes from the presence of very fine pores or interstices between particles and consistent with nanoparticle entrapment in the filters.
In general, for fabrics the penetration can be expected to correlate directly with fiber diameter, pore volume, pore size, porosity, and air permeability and inversely with fabric thickness (Gao et al. 2011) . The pore volume and pore size obtained in this study could not be correlated with filter efficiency. The fabric thickness affects the particle residence time, i.e., the thicker the fabric the longer the particle residence time. The FP woven filter was thinner than the other woven filters, and gave the lowest collection efficiency under all conditions. In addition, uncoated woven fabrics such as the FP and WP tested in this study have large openings in their weave when new and are known to have very low collection efficiency until a dust layer is created on the surface of the filter (Strauss 1975) ; this is consistent with the results found in this study. The uncoated PF had a much higher collection efficiency, which is expected as felted fabrics rely on in-depth particle collection on individual fibers rather than the formation of a dust cake and thus should have high initial collection efficiencies when compared to woven fabrics. This study has shown that fiber diameter plays an important role by demonstrating the strong influence of thin fiber diameter for collecting nanometer and submicrometer particles through Brownian diffusion. As Brownian diffusion is the dominant filtration mechanism for nanoparticles, collection efficiency should not be affected by the particle density ). Therefore, similar results are predicted when nanoparticles of different densities are collected in the filter media studied here. In-line aerosol samples collected upstream and downstream of tested filters were analyzed by TEM. No silica ENPs were found on the downstream side of the high efficiency sampling filters and the coated fabric filters. In contrast, many small ENP agglomerates were seen on the downstream side of the non-coated fabric filters with typical particles (TEM image is shown in Fig. 1b of Appendix) showing similar morphology to particles seen on the SEM images of used filters. Silica ENPs generated by VENGES were also collected for off-line characterization, the results indicating a SSA for the SiO 2 nanoparticles of 177 m 2 /g, corresponding to an average SiO 2 primary particle size of 15.4 nm with agglomeration clearly visible in STEM images as shown in Appendix.
The structures of the filter media and their collected nanoparticles were characterized by SEM. Typical structures for all studied filter media are shown in Fig. 5 . All used filters shown in Fig. 5 were tested at the 2.3 m/min filtration velocity; the collection duration for each filter was *14 min, which was the total time of four measurements following the protocol. The aerosol concentration is shown in Fig. 3 . The quartz filter consists of a single type of thin fibers organized in a three-dimensional network as the representative structure of sampling filter (image A1 in Fig. 5 ); ENPs were seen to be captured on the fibers (A2). The membrane coating layer consists of thin fiber structure attached to the top of fabric fibers. The Teflon membrane applied on the WP fiber (WP-TMC) showed a condensed and uniformed structure of thin Teflon fibers which were braided and connected with nodes (B1), while the Teflon membrane applied on the PF fiber (PF-TMC) showed more randomly braided Teflon fibers (D1). Both WP-TMC and PF-TMC fabric filters were fully covered by the Teflon fibers and both Teflon layers collected many NPs. The thinner these fibers the more NPs were collected (B2, D2), which is consistent with filtration theory. The woven fabric filter (WP) shows bundles of woven fibers (C1) while the nonwoven (felted) filter (PF) shows fibers in a three-dimensional network structure (F1, F2). The Goretex membrane coating (E1) applied on the PF filter showed a much more open structure having many large nodes randomly mixed with Goretex fibers, and the felted fibers underneath the Goretex membrane layer were obvious in some areas. The used PF-G filter was able to collect many NPs on the Goretex fibers as well (E2).
Pressure drop and efficiency
Measured pressure drops and collection efficiency for the eight tested filters at the two filtration velocities are listed in Table 3 . The results are in general agreement with filtration theory, which predicts that higher velocity results in higher pressure drop and lower collection efficiency. Comparing the two air sampling filters to the six fabric filters, the air sampling filters have considerably higher pressure drop, which is not surprising as air sampling filters are optimized for collection efficiency with little concern for the resulting pressure drop. Fabric filters, on the other hand, must be designed to have both high collection efficiency and low pressure drop. Looking at the data for the uncoated fabrics, the two woven fabrics (WP, FP) have much lower pressure drops than the felted fabric (PF). This is expected, as the woven fabrics consist of a single layer of threads and the felt consists of random fibers in a thicker layer. In addition, it is expected that the coated version of a fabric would have a higher pressure drop than its uncoated counterpart; this was found for both the PF and the woven polyester materials. Among the coated fabric filters, the PF with a Teflon membrane coating (PF-TMC)
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Fig. 5 continued had the highest pressure drop, with values approaching those measured for the two air sampling filters.
Conclusions
All filters had higher collection efficiency at the lower filtration velocity. The highest efficiency ([99.5 %) was obtained using the quartz filter, followed by the glass fiber filter. The performance of coated fabric filters was found to have a high variation between 50 and 96 % efficiency; similar variation was seen for the uncoated fabric filters. A significant increase in collection efficiency was seen for coated fabric filters when compared to uncoated fabric filters. When tested at two velocities, both sampling filters maintained comparable performance according to the statistical analysis. In contrast, the performance of the fabric filters was significantly different under the different filtration velocities tested.
The sampling filters were designed to provide high collection efficiency under various conditions, and consistent results were seen in this study. On the other hand, environmental fabric filters gave much lower nanoparticle collection efficiency when operated under certain conditions. The 2.3 m/min filtration velocity is within the recommended range for both woven and nonwoven baghouse filters and was found to be an effective filtration velocity for all of the fabric filters tested in this study. According to the recommended velocity range for woven fabrics, the operating velocity would typically be below 2.3 m/min and theoretically the efficiency would be increased. The filter media in each category showed unique performance characteristics. Coating layers such as Teflon and Goretex membrane, as expected, were found to have a major influence on fabric performance. Membrane layers constructed with more condensed and uniform thin fibers as seen in the Teflon membrane of WP and PF filters were able to successfully capture many silica nanoparticles and provided about 95 % overall collection efficiency. In addition, the woven filters such as WP-TMC gave the best performance rating based on their low pressure drop operation, making them suitable for long-term use and lower energy consumption in the industry, especially given their light weight and low thickness. In addition to fiber diameter, the structure of the membrane plays an important role. While the Goretex membrane was seen to collect many nanoparticles, however, the Goretex membrane was not evenly coated on to the felted fibers, allowing nanoparticles to pass more easily through areas where fewer membrane fibers were present. For the uncoated fabric filters, the performance in capturing nanoparticles was low, as expected. Felted filters (PF) gave higher collection efficiencies than woven filters, with the three-dimensional structure of the felted fabric increasing the likelihood of capturing nanoparticles by diffusion, consistent with other studies published in the past (Bergmann 1979; Culhane 1974) .
The collection efficiency of nanometer and submicrometer particles can be influenced by many filtration factors including filtration velocity, filter thickness, membrane coating, fiber diameter, pore size, pore volume, and porosity. In addition, the particle physical properties such as shape, size, and charge distribution, agglomeration and surface area can influence the filter performance and require further research beyond this study. It is clearly seen from this study that an environmental fabric filter with a proper membrane coating such as the Teflon membranes described here can operate at very low pressure drop and give over 95 % of collection efficiency for nanometer and submicrometer particles. A multi-filtration system using coated fabric filters as the primary filtration mechanism to be supplemented by a high efficiency filter such as a HEPA filter or sampling filters could be a practical and economic strategy for workplaces where significant amounts of nanometer and submicrometer particles are emitted from production processes. 
